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Obesity has become the leading cause of many chronic diseases, such as type 2 
diabetes and cardiovascular diseases. The prevalence of obesity is high in developed 
countries and it is also a major cause of the use of health services. Ectopic fat 
accumulation in organs may lead to metabolic disturbances, such as insulin resistance. 
Weight loss with very-low-energy diet is known to be safe and efficient. Weight loss 
improves whole body insulin sensitivity, but its effects on tissue and organ level in 
vivo are not well known. The aims of the studies were to investigate possible changes 
of weight loss in glucose and fatty acid uptake and perfusion and fat distribution at 
tissue and organ level using positron emission tomography and magnetic resonance 
imaging and spectroscopy in 34 healthy obese subjects. 
The results showed that whole-body insulin sensitivity increased after weight loss with 
very-low-energy diet and this is associated with improved skeletal muscle insulin-
stimulated glucose uptake, but not with adipose tissue, liver or heart glucose uptake. 
Liver insulin resistance decreased after weight loss. Liver and heart free fatty acid 
uptakes decreased concomitantly with liver and heart triglyceride content. Adipose 
tissue and myocardial perfusion decreased. 
In conclusion, enhanced skeletal muscle glucose uptake leads to increase in whole-
body insulin sensitivity when glucose uptake is preserved in other organs studied. 
These findings suggest that lipid accumulation found in the liver and the heart in obese 
subjects without co-morbidies is in part reversible by reduced free fatty acid uptake 
after weight loss. Reduced lipid accumulation in organs may improve metabolic 
disturbances, e.g. decrease liver insulin resistance. 
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LAIHDUTUKSEN VAIKUTUKSET RASVAKUDOKSEN, MAKSAN JA 
SYDÄMEN AINEENVAIHDUNTAAN IHMISILLÄ 
Tutkimuksia positroniemissiotomografialla, magneettikuvauksella ja magneetti-
spektroskopialla 
Valtakunnallinen PET-keskus, Sisätautioppi, sekä Kliinisen fysiologian ja isotooppi-
lääketieteen oppiaine, Turun yliopisto, Turku 
Annales Universitatis Turkuensis 
Painosalama OY, Turku, 2009 
 
Lihavuudesta on tullut tärkein pitkäaikaisten sairauksien, kuten tyypin 2 diabeteksen 
ja sydän- ja verisuonisairauksien aiheuttaja. Lihavuuden esiintyvyys on suuri 
teollisuusmaissa ja lihavuus on merkittävä sairaanhoitokulujen aiheuttaja. Rasvan 
kertyminen elimiin voi aiheuttaa aineenvaihdunnan häiriöitä, kuten insuliini-
resistenssia. Laihduttaminen erittäin niukkaenergiaisella ruokavaliolla on todettu 
turvalliseksi ja tehokkaaksi. Laihdutus parantaa koko kehon insuliiniherkkyyttä. 
Muutoksista yksittäisten elinten ja kudosten tasolla on vain vähän tietoa. Näiden 
väitöskirjatutkimusten tarkoituksena oli selvittää laihdutuksen vaikutuksia glukoosin 
ja rasvahapon soluunottoon, verenkierron määrän ja rasvan jakautumiseen kudosten ja 
elinten tasolla 34 terveellä lihavalla koehenkilöllä. Menetelmänä käytettiin positroni-
emissiotomografiaa ja magneettikuvausta sekä magneettispektroskopiaa. 
Tulokset osoittivat, että koko kehon insuliiniherkkyyden paraneminen erittäin 
niukkaenergiaisella ruokavaliolla oli yhteydessä luurankolihaksen parantuneeseen 
glukoosin soluunottoon, mutta se ei ollut yhteydessä rasvakudoksen, maksan tai 
sydänlihaksen glukoosin soluunottoon. Maksan insuliiniresistenssi väheni laihdutta-
misella. Maksan ja sydänlihaksen rasvahapon soluunotto väheni yhdessä maksan ja 
sydänlihaksen rasvapitoisuuden kanssa. Rasvakudoksen ja sydänlihaksen verenvirtaus 
väheni. 
Johtopäätöksenä todetaan, että luurankolihaksen parantuva glukoosin soluunotto 
johtaa koko kehon insuliiniherkkyyden parantumiseen, samalla kun muissa tutkituissa 
kudoksissa glukoosin soluunotto ei muutu. Tutkimustulokset viittaavat siihen, että 
lihavuuteen liittyvä rasvan kertyminen maksaan ja sydänlihakseen on palautuvaa, ja 
johtuu osittain rasvahapon soluunoton vähenemisestä laihduttamisen myötä. 
Vähentynyt rasvan kertyminen elimiin voi parantaa aineenvaihdunnan häiriöitä, kuten 
vähentää maksan insuliiniresistenssia. 
 
Avainsanat: Lihavuus, laihdutus, erittäin niukkaenergiainen ruokavalio, rasva-
kudoksen aineenvaihdunta, maksan aineenvaihdunta, sydämen aineenvaihdunta, 
positroniemissiotomografia 
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Overweight and obesity has become a global burden. Excess fat accumulation in the 
human body is closely associated with decreased whole-body insulin sensitivity 
(Ferrannini et al., 1997; Arner, 1997). In obesity, decrease in whole-body insulin 
sensitivity is mainly caused by skeletal muscle insulin resistance. Weight loss 
improves whole-body insulin sensitivity, but its effects at tissue and organ level in 
vivo are not well known.  
Abdominal obesity is strongly associated with insulin resistance (Despres et al., 1989; 
Goodpaster et al., 1997; Rönnemaa et al., 1997) and increased waist circumference is 
a clear risk factor for the development of diabetes and cardiovascular diseases. 
Visceral adipose tissue is suggested to be the key to the harmful effect of upper body 
obesity due to its vascular drainage to the liver (Björntorp, 1990), thus giving a direct 
route for adipose tissue -derived adipokines to affect liver metabolism (Ruan & 
Lodish, 2004), and hence glucose metabolism and systemic inflammation. 
Obesity is commonly associated with an accumulation of fat in the liver (Ludwig et 
al., 1980; Powell et al., 1990), and liver adiposity correlates with insulin resistance in 
whole-body (Marchesini et al., 1999; Sanyal et al., 2001) and hepatic insulin 
resistance (Seppälä-Lindroos et al., 2002; Bugianesi et al., 2005). Low-energy diets 
have been shown to reduce hepatic steatosis, (Drenick et al., 1970; Andersen et al., 
1991), and improve insulin sensitivity (Goodpaster et al., 1999). Liver fat content can 
be measured non-invasively with magnetic resonance spectroscopy (Szczepaniak et 
al., 1999). Positron emission tomography has proved to be a superior tool for the 
direct assessment of liver glucose and free fatty acids (FFA) metabolism non-
invasively (Iozzo et al., 2007; Iozzo et al., 2003c). 
In animal models, obesity and insulin resistance increase the availability and 
myocardial uptake of FFA. Weight loss studies in humans concerning myocardial fatty 
acid and glucose metabolism are few probably due to the limited number of 
techniques available to measure myocardial substrate metabolism in vivo. In a study 
by Peterson et al. (Peterson et al., 2004), myocardial fatty acid uptake measured with 
positron emission tomography tended to be increased in obese compared to lean 
subjects, but no differences were detected in myocardial glucose uptake or blood flow. 
In the present studies, obese subjects without co-morbidies were selected as the study 
group. These studies were designed to investigate the effects of weight loss on adipose 
tissue, liver and heart metabolism at tissue level. This was possible with the use of 
positron emission tomography (PET) imaging technique. A short-lived, and a low 
radiation exposure positron-emitting radioisotope is attached to a glucose or fatty acid 
molecule, which can be traced in the blood and tissue. Regions of interest can be 
drawn to isolated organs and tissue molecule uptake can quantified with mathematical 
modelling. [18F]-2-fluoro-2-deoxy-D-glucose ([18F]FDG) and 14(R,S)-[18F]fluoro-6-
thia-heptadecanoid acid ([18F]FTHA) were used as tracers to study glucose and FFA 




advanced techniques such as magnetic resonance imaging, magnetic resonance 
spectroscopy and euglycemic clamping were combined with the positron emission 
tomography. 
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2 REVIEW OF THE LITERATURE 
2.1. Obesity 
2.1.1. Prevalence of obesity 
Cardiovascular diseases are the leading cause of chronic noncontagious disease 
mortality but obesity and diabetes are showing worrying trends in mortality, not only 
because they already affect a large proportion of the population, but also because they 
have started to appear earlier in life (Jackson-Leach & Lobstein, 2006). Overweight 
(body mass index over 25 kg/m2) and obesity (body mass index over 30 kg/m2) are 
increasing substantially (Popkin, 2002) and the number of people with diabetes will 
increase more than 2.5-fold, from 84 million in 1995 to 228 million in 2025 (World 
Health Organisation, 2001) in the developing world. On the other hand, lifestyle 
changes leading to weight reduction decreases the risk for diabetes (Tuomilehto et al., 
2001). Prevalence of obesity in the middle-aged in Europe is 15-20 % (Björntorp, 
1997). Prevalence of obesity in Finland is 19-20 % and prevalence of overweight is 48 
% in males and 33 % in females in the age group of 25-64 years (Lahti-Koski et al., 
2002). 
2.1.2. Classification of obesity 
Obesity is defined as excess body fat mass. The body mass index, calculated as the 
ratio of body weight and squared height (kg/m2) is a good correlate of body adipose 
composition (Revicki & Israel, 1986; Garrow & Webster, 1985). The upper limit for 
the normal body mass index is 25 kg/m2, because the risk of certain diseases is 
elevated at a higher body mass index value (World Health Organisation, 2000). The 
term “overweight” is used when the body mass index is 25 – 29.9 kg/m2, and the term 
“obesity” when the body mass index is 30 kg/m2 or higher. The body mass index does 
not distinguish between those who have enlarged muscle mass and those who have 
large fat mass. This difference can be found with a proportion of fat mass 
measurement, for example, with bioelectrical impedance analysis (Abu et al., 1988), 
skin-fold thickness (Durnin & Rahaman, 1967) or with dual-energy X-ray 
absorptiometry (Lukaski, 1993). Also abdominal obesity, i.e. the amount of intra-
abdominal, visceral adipose tissue is used in the classification of severity of 
overweight. Waist circumference is associated with area of visceral fat (Pouliot et al., 
1994) and it is suggested to be a better predictor of cardiovascular diseases than body 
mass index (Zhu et al., 2002). Waist circumference over 90 cm in men and over 80 cm 
in women is related to a small risk to above mentioned diseases, and values over 100 
cm in men and over 90 cm in women are related to a high risk of diseases (Han et al., 
1995; Lemieux et al., 1996; Tanko et al., 2005). Fat composition in the body increases 
with age and is higher in women (Schutz et al., 2002; Jackson et al., 2002). 
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2.1.3. Mortality and morbidity in obesity 
All-cause mortality is increased when the body mass index is over 30 kg/m2 (Troiano 
et al., 1996; McGee, 2005) and both weight level and weight change in adult-age have  
independent effects on total mortality (Mikkelsen et al., 1999). On the other hand, 
obesity-related excess mortality declines with age (Bender et al., 1999). Obesity 
increases risk of chronic noncontagious diseases such as hypertension (Jousilahti et 
al., 1995), type 2 diabetes (Colditz et al., 1990; Everhart et al., 1992; Ohlson et al., 
1985; Moore et al., 2000; Wannamethee & Shaper, 1999; French et al., 1997; Colditz 
& Coakley, 1997; Chan et al., 1994), several types of cancer (Bergström et al., 2001), 
coronary artery disease (Silventoinen et al., 2003; Wilson et al., 2002; Kip et al., 
2004; Alexander, 2001; Shirai, 2004), and liver steatosis (Wanless & Lentz, 1990; 
Bellentani et al., 2000), and morbidity is related to the severity of obesity.  
2.1.4. Obesity and chronic diseases 
Risk factors for chronic diseases such as diabetes and cardiovascular diseases are well 
established: obesity and physical inactivity for diabetes and atherosclerosis (Jousilahti 
et al., 1996; Wannamethee et al., 1998; Davey-Smith G. et al., 2000), high blood 
pressure for coronary heart disease (MacMahon et al., 1990;Kannel, 1996) and high 
serum cholesterol for coronary heart disease (Hu et al., 2000). Hyperinsulinemia 
seems to be an independent risk factor for coronary heart disease  (Pyörälä et al., 
1998; Despres et al., 1996). The clustering of risk factors has been described as the 
metabolic syndrome including central obesity, hypertension, elevated plasma 
triglyceride and low high density lipoprotein (HDL) cholesterol, elevated fasting 
glucose and hyperinsulinemia (Reaven, 1988; DeFronzo & Ferrannini, 1991) with 
varying exact definitions (Zimmet et al., 2005). 
2.1.5. Obesity and insulin resistance 
Insulin resistance is the condition where normal insulin levels are inadequate to 
produce normal insulin response in tissue. Prevalence of insulin resistance increases 
with body mass index (Ferrannini et al., 1997). In the European Group for the Study 
of Insulin Resistance (EGIR) database, insulin resistance was measured with the 
euglycemic clamp technique (DeFronzo et al., 1979). In subjects with a body mass 
index 30-35 kg/m2, prevalence of insulin resistance was 34 %, and in subjects with a 
body mass index over 35 kg/m2, prevalence was 41 % in the EGIR database 
(Ferrannini et al., 1997). Insulin resistance in obesity includes resistance to insulin-
stimulated glucose utilization and resistance to insulin-induced inhibition of hepatic 
glucose output (Bonadonna et al., 1990). Also increased lipid oxidation and reduced 
glucose oxidation are found in insulin resistance (Ferrannini et al., 1987). 
Hyperinsulinemia is common in obesity and it closely follows the degree of obesity 
(Ferrannini et al., 1997). 
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Whole body insulin resistance measured with euglycemic hyperinsulinemic clamp is 
predominantly localized to skeletal muscle (Bonadonna et al., 1990; Natali et al., 
1991; Capaldo et al., 1991). There are various mechanisms that can contribute to 
insulin resistance. Insulin signaling defects are found in obesity (Kolterman et al., 
1980). Studies of morbidly obese human skeletal muscle biopsies showed defects in 
insulin signaling (Goodyear et al., 1995), and depletion of glucose transporters (Dohm 
et al., 1988). In animal studies, muscle-specific insulin receptor knockout mice have 
increased fat mass and plasma FFA, but normal glucose tolerance (Bruning et al., 
1998). Liver-specific insulin receptor knockout mice have defects early in the insulin 
signaling cascade, such as in insulin receptor substrate protein phosphorylation, and 
they are severely insulin-resistant and glucose-intolerant, because insulin cannot 
suppress hepatic glucose production (Michael et al., 2000). Fat-specific insulin 
receptor knockout mice have adipose tissue selective insulin resistance and low fat 
mass with normal whole-body glucose metabolism (Bluher et al., 2002). Skeletal 
muscle blood flow is suggested to play a role in insulin resistance (Baron et al., 1991) 
since insulin´s effect stimulating blood flow is decreased in insulin resistant obese 
humans (Laakso et al., 1992). On the other hand, insulin resistance can not be 
overcome by normalizing blood flow in skeletal muscle (Laine et al., 1998b). Fat 
accumulation in insulin sensitive tissues, such as skeletal muscle (Jacob et al., 1999; 
Perseghin et al., 1999; Greco et al., 2002) and liver (Marchesini et al., 1999; Sanyal et 
al., 2001; Westerbacka et al., 2004) is related to insulin resistance. Skeletal muscle fat 
content and insulin resistance are shown to concomitantly increase with lipid infusion 
and concomitantly decrease by lowering plasma FFA in healthy humans (Boden et al., 
2001). 
2.2. Adipose tissue and obesity 
2.2.1. Adipose tissue anatomy 
Adipocytes are formed from mesodermal multi-potent stemcells. Mature adipocytes 
are incapable of mitosis, and new adipocytes can be develope at any time. In mature 
adipocyte, 90 % of cell volume is lipids, mainly trilycerides (Leeson & Leeson, 1976). 
Of adipose tissue, 80 % is fat and 15 % is water, with the remaining 5 % being 
connective tissue proteins, lymphoid cells and blood vessels. Intra-abdominal fat 
consists of retroperitoneal and intraperitoneal fat. Intraperitoneal fat is called visceral 
fat and it consists of mesenterical and omental fat. 
The largest fat depot is subcutaneous fat (Mårin et al., 1992). On the avarage, 
subcutaneous fat mass is approximately 50 % in men and 70 % in women of the total 
adipose tissue mass (Hattori et al., 1991). Visceral fat is approximately 18 % in men 
(Ross et al., 1992) and 6 % in women (Ross et al., 1993) of the total adipose tissue 
mass and visceral adipose tissue mass increases with age (Goodman-Gruen & Barrett-
Connor, 1996). Adipocyte density is higher in visceral fat and visceral adipocytes are 
smaller than in subcutaneous fat (Björntorp, 1996). Genetic factors affect fat 
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distribution; for example abdominal obesity phenotype markers are found (Perusse et 
al., 2001). 
Positive energy balance leads to overweight and obesity. Sedentary lifestyle is a major 
cause of positive energy balance. Genes and environment predispose to obesity. Low 
physical activity can be accompanied with high energy meals and high energy drinks. 
Fat cells enlarge during the development of obesity and it is thought that enlargement 
triggers the formation of new fat cells, also gene expression changes in adipocytes 
(Dahlman & Arner, 2007). In subcutaneous adipose tissue, the adipocyte size of 0.8 
µg is suggested to be the upper limit after which new cells develope (Sjöström & 
Björntorp, 1974). Fat cell size is almost the same in subcutaneous and visceral adipose 
tissue in overweight subjects (Mårin et al., 1992; Fried et al., 1998). Both these 
adipose tissue depots increase concomitantly in obesity, and in obese men, 
subcutaneous fat mass can increase to 80 % of total adipose mass (Mårin et al., 1992). 
2.2.2. Adipose tissue and insulin resistance 
Abdominal obesity is strongly associated with insulin resistance (Despres et al., 1989; 
Goodpaster et al., 1997; Rönnemaa et al., 1997). When the delivery of nutritients 
excess oxidative and storage capacities of tissues, metabolites that inhibit insulin 
signaling can be formed (Kraegen et al., 2001; Unger, 2003; Lelliott & Vidal-Puig, 
2004). The sphingolipid ceramide is one metabolite that could induct insulin resistance 
(Summers, 2006). Visceral adipose tissue has a direct drainage to the liver via the 
portal vein offering a direct route for adipose tissue -derived adipokines to affect liver 
metabolism (Björntorp, 1990; Ruan & Lodish, 2004). 
When subjects with similar abdominal subcutaneous adipose tissue depots, but 
different visceral depots were compared, subjects with larger visceral adipose tissue 
depots had higher plasma glucose values during oral glucose test and lower glucose 
disposal rates (Ross et al., 2002). In addition, when comparing subjects with matched 
visceral adipose tissue depots and different abdominal subcutaneous adipose tissue 
depots, no statistically different results were found for these glucose values. Ross et al. 
concluded that visceral adipose tissue has a role in insulin action, independent of 
subcutaneous adipose tissue, although the importance of visceral fat has been 
questioned by others (Abate et al., 1995; Goodpaster et al., 1997). On the other hand, 
subcutaneous adipose tissue is responsible for the majority of FFA delivered into the 
circulation in humans in the fasting state (Jensen, 2006), and FFA are associated as a 
marker with insulin resistance. 
2.2.3. Adipose tissue FFA and glucose metabolism and blood flow 
Fatty acids are used as building blocks in the human body. Fatty-acid-derived 
phospholipids and glycolipids are components of biological membranes. Fatty acid 
derivates also act as intracellular messengers and hormones. Fatty acids are stored in 
the form of triacylglycerol, i.e. triglycerides mainly in adipocytes, but also other 
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organs including liver, heart and skeletal muscle. During fast, insulin levels fall and 
permit the release of FFA and glycerol (Frayn et al., 1989; Shulman et al., 1997). 
Arterial plasma FFA concentration closely correlates with abdominal subcutaneous 
FFA release (Frayn et al., 1989). 
FFA are transported in the plasma in a nonesterified form attached to albumin, or 
bound covalently to triglycerides, which are transported in chylomicrons and very-
low-density lipoproteins. FFA are hydrolyzed from circulating chylomicrons or very-
low-density lipoproteins by lipoprotein lipase, which locates in the capillary 
endothelium. FFA are taken up by the tissue passively and by facilitated transport 
(Berk & Stump, 1999) and lipoprotein lipase expression is the rate-limiting step in this 
uptake process (Preiss-Landl et al., 2002). Insulin stimulates lipoprotein lipase in 
adipose tissue (Farese, Jr. et al., 1991). FFA are re-esterified to triglycerides in 
adipocytes if glycerol 3-phosphate is abundant. Glucose level inside the cell can affect 
FFA release via glycerol 3-phosphate supply (Lönnroth & Smith, 1992). Insulin 
promotes energy storaging by stimulating triglyceride synthesis, i.e. lipogenesis, and 
inhibiting lipolysis in adipocytes (Hagström-Toft et al., 1992). 
Glucose is taken up by adipose tissue by mass effect and by facilitated diffusion with 
glucose-specific transport molecyles, GLUT4 and GLUT1. GLUT4 is insulin-
dependent and GLUT1 is more insulin-independent (Kahn, 1992). Insulin stimulates 
GLUT4 translocation (Sun et al., 1994). Glucose is phosphorylated by hexokinase 
(Katzen et al., 1970) to glucose-6-phosphate, which can be stored as glycogen or 
further converted to pyruvate. Pyruvate is oxidized to acetyl coenzyme-A, which is 
used in the mitochondrion to produce adenosine triphosphate. Glucose-6-phosphate 
can be converted to glycerol 3-phosphate, which can be further converted to 
triglycerides. 
Insulin stimulates adipose tissue glucose uptake (Green & Newsholme, 1979), and 
insulin-stimulated adipose tissue glucose uptake is impaired in obesity (Virtanen et al., 
2002). Adipose tissue blood flow is a regulator of adipose tissue metabolism (Frayn et 
al., 1997) and affects regional fatty acid storage after meals (Romanski et al., 2000). 
Visceral adipose tissue has a dense circulation (West et al., 1989), which leads to a 
higher blood flow than in subcutaneous adipose tissue (Enevoldsen et al., 2000; 
Virtanen et al., 2002). Postprandial adipose tissue blood flow is associated with 
insulin sensitivity, possibly via symphathetic activation (Karpe et al., 2002), because 
insulin-induced vasodilatation does not change subcutaneous adipose tissue blood 
flow (Stallknecht et al., 2000).   
2.2.4. Adipocytes and inflammation 
Adiponectin is a collagen-like circulating protein, which is secreted by adipocytes 
(Scherer et al., 1995). Circulating adiponectin concentration is associated with insulin 
sensitivity (Tschritter et al., 2003) and it is decreased in obesity (Weyer et al., 2001). 
Recombinant adiponectin infusion liver fat in mice (Xu et al., 2003). The ob gene 
product, leptin, is mainly synthesized in adipose tissue depots (Zhang et al., 1994). 
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Leptin affects energy balance by inhibiting the activity of neurons, that contain 
neuropeptin-y, these neurons regulate appetite (Himms-Hagen, 1999). Leptin also 
regulates the immune function (Lord et al., 1998; Farooqi et al., 2002) providing a link 
between adipokines and cytokines, e.g. interleukin (IL)-6, which is partly synthesized 
from adipose tissue (Mohamed-Ali et al., 1997). Low-grade systemic inflammation that 
can be measured with c-reactive protein, tumor necrosis-factor-alpha, IL-6 and leptin is 
found in obesity, and this elevation of inflammatory cytokines is associated with 
cardiovascular risk (Das, 2001). Adipose tissue is a complex network of adipocytes, 
stromal cells, vascular cells and macrophages. The network allows different adipokines 
and cytokines to act also locally as autocrine and paracrine signals. 
2.3. Liver 
2.3.1. Liver anatomy 
The liver is located in the abdominal cavity in the right hypochondrium. The avarage 
liver weight is 1.4-1.6 kg in men and 1.2-1.4 kg in women. The liver consists of four 
lobes which are divided into the lobules 1.0-2.5 mm in measure. Blood supply comes 
from the hepatic artery and the portal vein in the relation of 20% / 80% of liver 
perfusion (Hall et al., 1996) and portal vein drains the gastrointestinal tract and most 
of the visceral organs including the visceral adipose tissue depot. Of cardiac output, 
25-30 % comes to the liver (Hall et al., 1996). The liver controls e.g. glucose 
homeostatis and lipid and amino acid turnover. 
2.3.2. FFA and glucose metabolism in liver 
Glucose transport is facilitated with GLUT2, and distribution of GLUT2 in the liver 
shows zonation (Ogawa et al., 1996). A rate-limiting step of glucose uptake is its 
phosphorylation by hexokinases (Wilson, 2003), mainly glucokinase. Glucose is first 
phosphorylated to glucose-6-phosphate. This can then enter glycogen synthesis, 
glycolysis, and the pentose phosphate pathway, or be hydrolyzed back to glucose. 
Glucose-6-phosphate can be produced from different circulating precursors, including 
lactate, glycerol and pyruvate via gluconeogenesis. 
Liver FFA are oxidized during fasting and incorporated to triglycerides postprandially. 
FFA oxidation-derived acytyl-CoA can be used in gluconeogenesis, which is 
stimulated by FFA (Blair et al., 1999; Chen et al., 1999; Williamson et al., 1966). 
FFA-induced increase in gluconeogenesis is compensated by a reduction in 
glucogenolysis, so hepatic glucose production is not changed, this is called hepatic 
autoregulation (Chu et al., 2002; Clore et al., 1991; Roden et al., 2000). Hepatic 
autoregulation can be interrupted in insulin resistance or insulin deficiency. Also, 
elevation of FFA can interrupt hepatic autoregulation by lowering insulin-stimulated 
glycogen synthesis (Kim et al., 2001), and insulin-mediated suppression of 
glycogenolysis (Boden et al., 2002) leading to an increase in hepatic glucose 
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production. Elevation of FFA decreases hepatic glucose uptake and whole-body 
glucose uptake in vivo (Iozzo et al., 2004a). 
2.3.3. Liver and obesity 
Obesity is commonly associated with an accumulation of fat in the liver (Ludwig et 
al., 1980; Powell et al., 1990), and liver steatosis correlates with insulin resistance in 
whole-body (Marchesini et al., 1999; Sanyal et al., 2001) and hepatic insulin 
resistance (Bugianesi et al., 2005). Increased flux in FFA via the portal vein from the 
visceral fat to the liver in obesity is proposed to be one of the mechanisms causing 
accumulation of fat in the liver (Björntorp, 1992).  
Obesity-related liver disorders are collectively named as non-alcoholic fatty liver 
diseases (NAFLD). NAFLD is defined as fat accumulation in the liver exceeding 5 % to 
10 % by weight and non-alcoholic as 20 g a day of ethanol, which is roughly two doses 
a day (Neuschwander-Tetri & Caldwell, 2003). The clinical spectrum of NAFLD varies 
from simple, reversible liver steatosis to a non-alcoholic steatohepatitis (NASH) 
(Kleiner et al., 2005; Bondini et al., 2007; Yeh & Brunt, 2007), which may lead to 
hepatic injury, such as fibrosis and cirrhosis (Brunt, 2001; Farrell & Larter, 2006; 
Charlton et al., 2001), and to need for liver transplantation (Burke & Lucey, 2004). 
Hepatic steatosis is developed after excess energy intake leading to an increase in 
circulating fatty acids and increase in adipocyte fatty acid uptake (Bradbury & Berk, 
2004; Berk & Stump, 1999). Adipocyte fatty acid uptake initially increases passively, 
and after up-regulation of facilitated transport leading to an increased triglyceride 
mass (Berk, 2008). Also a single or a combination of other mechanisms can lead to an 
accumulation of triglycerides in the liver, including 1) increase in fatty acid synthesis, 
2) increase in triglyceride synthesis by de-novo lipogenesis, 3) increase in lipoprotein 
triglyceride uptake via low-density lipoprotein receptor and re-assembly, 4) decrease 
in Apolipoprotein B100 synthesis, 5) decrease in triglyceride mobilization, 6) decrease 
in very-low-density lipoprotein assembly, 7) decrease in very-low-density lipoprotein 
secretion, or 8) decrease in fatty acid β-oxidation (Bradbury & Berk, 2004; Chirieac et 
al., 2000; Diehl, 2005; Donnelly et al., 2005; Rinella et al., 2008; Minehira et al., 
2008). Excess triglycerides may lead to oxidative stress, cell apoptosis, inflammation 
and cytokine cascades in hepatocytes, and further fibrosis and cirrhosis of the liver 
(McCullough, 2006; Merriman et al., 2006; Mantena et al., 2008; Malhi & Gores, 
2008; Jou et al., 2008). Several genes are upregulated in NAFLD e.g. ceramide related 
genes (Westerbacka et al., 2007; Greco et al., 2008) 
2.4. Heart 
2.4.1. Heart anatomy and blood flow 
The myocardium consists of right and left halves, both containing an atrium and a 
ventricle. The size of the heart is close to that of a persons´ fist, and it is associated 
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with a lean body mass (Whalley et al., 1999; Whalley et al., 2004). The weight of the 
heart muscle is 200-350 grams. Epicardial coronary arteries supply blood from the 
aorta to the myocardium. At rest, normal blood flow of the heart is approximately 5 % 
of cardiac output. Of the delivered oxygen, 70-80 % is extracted in the myocardium at 
rest compared to 25 % of other tissues. Capillary density in the myocardium is about 
four times greater than in skeletal muscle (Schremmer & Dhainaut, 1990; Opie, 1998). 
Blood flow in the heart can increase three- to five-fold under stimulated physiological 
conditions, e.g. under adenosine infusion, measured with positron emission 
tomography (Dayanikli et al., 1994; Uren et al., 1994; Pitkänen et al., 1998). Blood 
flow can be regulated with local metabolic control (Berne, 1964; Muller et al., 1996; 
Opie, 1998), with autoregulation (Chilian & Layne, 1990; Narishige et al., 1993; 
Smith & Canty, 1993) and with neurogenic mechanisms (Chilian, 1991; Opie, 1998). 
Insulin enhances adenosine-stimulated myocardial blood flow dose-dependently 
(Sundell et al., 2002) while myocardial vasoreactivity and insulin response are 
reduced in obesity (Sundell et al., 2002).  
2.4.2. FFA and glucose metabolism in heart  
The normal myocardium uses FFA and glucose as an energy source (Opie LH, 1991). 
Additional energy sources include lactate, pyruvate and ketone bodies. Both FFA and 
glucose are broken down to acetate, which is bound to coenzyme-A to form acetyl-
CoA. Acetyl-CoA enters the citrate cycle (Opie, 1998; Depre et al., 1999) in a 
mitochondrial cytochrome chain to form adenosine triphosphate (ATP) as energy. 
ATP breakdown produces energy for myocardial cell contraction and ion gradient 
formation. Transmembrane gradient of glucose and facilitated diffusion via glucose 
transporters GLUT4 and GLUT1 are responsible for glucose delivery into myocardial 
cells (Sun et al., 1994). Glucose can enter glycogen formation or be processed to 
pyruvate via the glycolytic pathway (Stanley et al., 1997) and further to acetyl 
coenzyme-A. Glucose 6-phosphate is converted to fructose 1,6-phosphate by 
phosphofructokinase. Phosphofructokinase activity increases in hypoxia, leading to 
increased breakdown of fructose 1,6-phosphate into two pyruvate molecules and four 
adenosine tri-phosphates. Pyruvate forms lactate in anaerobic conditions and 
undergoes oxidative decarboxylation, forming acetyl coenzyme-A in aerobic 
conditions (Stanley et al., 1997).    
In the fasting state, serum FFA concentrations are high and FFA oxidation is the main 
energy source for the myocardium (Opie LH, 1991). High FFA levels inhibit glucose 
utilization in the myocardium (Randle et al., 1963; Neely & Morgan, 1974; Wisneski 
et al., 1985; Nuutila et al., 1992). After a high carbohydrate meal, blood glucose and 
insulin levels increase and insulin changes the myocardial energy source from FFA to 
glucose by suppressing lipolysis (Ferrannini et al., 1993; Knuuti et al., 1995). Glucose 
possibly inhibits fatty acid oxidation by malonyl-CoA, which is formed from acetyl-
CoA. Increases in glucose and insulin lead to increased formation of acetyl-CoA and 
citrate, which stimulate the formation of malony-CoA (Ruderman et al., 1999). 
Malonyl-CoA is an inhibitor of carnitine palmitoyl transferase I (CPTI), which is 
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thought to be a rate-limiting step of fatty acid β-oxidation (Lopaschuk et al., 1994; 
Taegtmeyer, 1994).  
Fatty acid binding proteins (FABP) facilitate fatty acid uptake by binding fatty acid 
and maintaining the gradient across the cell membrane (Schaap et al., 1998). Fatty 
acids are transformed to fatty acyl-CoA inside the cell, and acyl-CoA undergoes β-
oxidation, or it is esterified to triglyceride or structural lipids (Neely & Morgan, 1974; 
Liedtke, 1981). Of FFA, 80 % undergoes rapid oxidation in the fasting state (Wisneski 
et al., 1987; Nellis et al., 1992; Bergmann et al., 1996). Long chain fatty acyl-CoA is 
further metabolized to acetyl-CoA, which enters the citrate cycle. Endogenous fatty 
acids, i.e. triglycerides are also used in the oxidation process, in an isolated rat heart 
this accounted for 12-20 % of total oxidation (Saddik & Lopaschuk, 1991). 
2.4.3. Heart and obesity, heart functions and triglyceride accumulation  
In animal models, obesity and insulin resistance increase the availability and 
myocardial uptake of FFA. Obesity and elevated FFA and triglycerides can result in 
lipotoxicity, i.e. accumulation of triglycerides and ceramides to the myocardium, 
which is associated with contractile dysfunction and cell apoptosis (Finck et al., 2003; 
McGarry & Dobbins, 1999; Schaffer, 2003; Unger, 2002; Unger, 2003; Yagyu et al., 
2003; Zhou et al., 2000). These changes are linked with increased cardiac work and 
oxygen consumption that may lead to impaired left ventricular contractility 
(Mazumder et al., 2004; Aasum et al., 2003; Unger, 2002). In obese rats and high-fat-
fed rabbits, accumulation of triglycerides in cardiomyocytes impairs left ventricular 
function and promotes fibrosis and apoptosis (Zhou et al., 2000; Carroll & Tyagi, 
2005). We have previously shown that also in humans triglyceride content in the heart 
is increased in obesity (Kankaanpää et al., 2006). In the study by Peterson et al. 
(Peterson et al., 2004), myocardial fatty acid uptake measured with positron emission 
tomography tended to be increased in obese subjects compared to lean ones, but no 
differences were detected in myocardial glucose uptake or blood flow. In a recent 
study by Hammer et al. (Hammer et al., 2008), a 16-week very-low-energy diet 
decreased myocardial triglyceride content and improved diastolic function in patients 
with type 2 diabetes. 
2.5. Treatment of obesity 
2.5.1. Weight loss and chronic diseases 
Weight reduction enhances insulin sensivity and metabolic profile by lowering blood 
pressure, plasma insulin and glucose levels and improving the lipid profile. Incidence 
and prevalence of hypertension decreases after weight loss (Stamler et al., 1989; 
Stevens et al., 2001; Horvath et al., 2008). In subjects with impaired glucose 
tolerance, a moderate weight loss decreases the incidence of type 2 diabetes 
(Tuomilehto et al., 2001; Knowler et al., 2002). Weight loss reduces the need for 
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diabetes medication (Pascale et al., 1995) and enhances glucose tolerance in patients 
with type 2 diabetes (Norris et al., 2004). Weight loss decreases serum triglycerides 
and increases plasma HDL cholesterol (Yu-Poth et al., 1999; Stefanick et al., 1998; 
Metz et al., 2000). HDL cholesterol first decreases during active weight loss and 
increases gradually to a higher level then before when weight is stabilized (Dattilo & 
Kris-Etherton, 1992; Noakes & Clifton, 2000). Coronary artery disease symptoms 
decrease and weight loss after heart infarction decreases one-year mortality (Ornish et 
al., 1990; Singh et al., 1992). Weight loss decreases the mortality rate in obese 
subjects with type 2 diabetes or obesity-related co-morbodity in observational cohort 
studies; in simple obesity, this has not been studied (Williamson et al., 1995; 
Williamson et al., 2000). 
2.5.2. Adipocytes in weight loss 
Weight loss decreases mainly fat mass. Adipocytes reduce in size and in number. 
Apoptosis of mature adipocytes and pre-adipocytes has been found; omental 
adipocytes are more prone to apoptosis than subcutaneous adipocytes (Niesler et al., 
1998). Further, visceral adipose tissue is more prone to decrease in mass than 
subcutaneous adipose tissue after short-term energy restriction (Jones & Edwards, 
1999). 
2.5.3. Energy-restricted diets in weight loss 
Energy restriction is an effective method to loose weight (Ayyad & Andersen, 
2000;Avenell et al., 2006). A low-energy diet consists of 1200 – 1500 kcal/day and it 
reduces 4-12 kg (3-11 %) of body weight in 4 - 36 months (Karvetti & Hakala, 1992; 
Wood et al., 1991; Katzel et al., 1995; Avenell et al., 2004; Avenell et al., 2006). A 
very-low-energy diet consist of less than 800 kcal/day and it reduces 15-21 kg of body 
weight in 8-16 weeks (Gilden & Wadden, 2006); very-low-energy diets have proven 
to be safe (Ryttig et al., 1997; Amatruda et al., 1988). In patients with pre-diabetes, 
incidence of diabetes decreases after energy restriction (Norris et al., 2005). In 
patients with type 2 diabetes, glucose levels are lower and medication-free time is 
longer when using a very-low-energy diet compared to a low-energy diet (Wing et al., 
1991; Wing et al., 1994a; Wing et al., 1994b). Very-low-energy diets are designed for 
the patients with BMI over 30 kg/m2 and they increase risk of gallstones, hair loss, 
headache, fatigue, dizziness, cold intolerance, volume depletion, muscle cramps, and 
constipation, thou these side effects are usually mild (Moloney, 2000; Gilden & 
Wadden, 2006).  
2.5.4. Medical and surgical weight loss 
There are currently two licensed pharmacological products in Finland for weight loss, 
orlistat and sibutramine. Orlistat inhibits gastrointestinal lipases and reduces 
absorption of ingested fat by about 30 % (Zhi et al., 1994). The difference between 
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orlistat and placebo in weight loss is approximately 3 kg (Padwal et al., 2003). 
Sibutramine is a noradrenaline and serotonine reuptake inhibitor that affects food 
intake (Stock, 1997). The difference between sibutramine and placebo in weight loss 
is approximately 4 kg (Padwal et al., 2003). Gastric banding, gastroplasty, gastric 
bypass and sleeve gastrectomy are operative methods to treat severely obese subjects 
(Marceau et al., 1998; Sjöström, 2000; Colquitt et al., 2009): the latter two methods 
are mainly used. Weight loss is 24 kg to over 45 kg after these operative procedures 
(Marceau et al., 1998; Colquitt et al., 2009). In Swedes Obese Subjects –study, a 
reduction in the incidence of hypertension and diabetes (Sjöström et al., 1999) and 
mortality (Sjöström, 2008) was reported after weight loss surgery. 
2.6. Positron emission tomography in the assessment of tissue 
metabolism and perfusion 
Positron emission tomography is based on the use of short-lived (2 min – 2 hours) 
radioactive isotopes, which are used as labels of natural substrates. This computerized 
imaging technique enables noninvasive and quantitative measurement of physiological 
and biochemical processes in humans in vivo. Positrons are emitted from the nucleus 
of the isotope, and annihilation with electrons produces two gamma quants. These 
gamma quants radiate in opposite directions and can be detected by the positron 
emission tomogpraphy scanner as a co-incident event (Saha et al., 1992). The scanner 
is a ring detector and forms cross sectional images of the accumulation of the tracer in 
the scanned region.  
2.6.1. Assessment of glucose uptake 
Positron emission tomography combined with [18F]FDG and the model of Sokoloff 
(Sokoloff et al., 1977) have been validated and used to measure regional glucose 
uptake in the adipose tissue (Virtanen et al., 2001), in the liver (Iozzo et al., 2004a; 
Iozzo et al., 2007), and in the heart and skeletal muscle (Nuutila et al., 1992). 
[18F]FDG is transported to heart cell and skeletal muscle cell and phosphorylated. In 
contrast to glucose, it cannot be further metabolised and it remains trapped in the 
cytosol (Sokoloff et al., 1977; Ratib et al., 1982). With [18F]FDG it is possible to 
study glucose transport and phosphorylation.  In previous studies, obese insulin-
resistant subjects had lower insulin-stimulated glucose uptake in adipose tissue 
compared with lean subjects (Virtanen et al., 2002). Skeletal muscle insulin-
stimulated glucose uptake is lower in the obese (Hällsten et al., 2003) and in subjects 
with type 2 diabetes (Utriainen et al., 1998) than in normal, lean subjects. Hepatic 
glucose uptake is reduced in type 2 diabetes (Iozzo et al., 2003b), but insulin-
stimulated glucose uptake in the heart is normal in subjects with uncomplicated type 2 
diabetes (Utriainen et al., 1998). Weight loss improves whole-body glucose uptake, 
i.e. insulin sensitivity (Ferrannini & Camastra, 1998), but the effect of weight loss on 
insulin-stimulated glucose uptake in adipose tissue, skeletal muscle, liver or heart is 
not known. 
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2.6.2. Assessment of FFA uptake 
[18F]FTHA (DeGrado et al., 1991) and positron emission tomogaphy is used  to 
measure FFA uptake in the liver (Iozzo et al., 2003c) and in the heart and skeletal 
muscle (Mäki et al., 1998). [18F]FTHA is a metabolically trapped tracer (DeGrado et 
al., 1991): 89 % of [18F]FTHA taken up by the heart enters mitochondria, and the rate 
of radioactivity accumulation of [18F]FTHA reflects the β-oxidation in the heart 
(Takala et al., 2002). 36 % of [18F]FTHA accumulated in skeletal muscle enters 
mitochondria, suggesting that in skeletal muscle [18F]FTHA traces FFA uptake but not 
specifically FFA beta-oxidation (Takala et al., 2002). By using simple graphical 
analysis (Patlak & Blasberg, 1985), the FFA uptake rates in the tissue can be 
calculated. Ability of the liver to extract FFA is impaired in subjects with impaired 
glucose tolerance (Iozzo et al., 2004b). FFA uptake is impaired in skeletal muscle, but 
not in heart muscle in subjects with impaired glucose tolerance (Turpeinen et al., 
1999). There are no previous studies about the effects of weight loss on liver and heart 
FFA uptake.   
2.6.3. Assessment of perfusion 
Positron emission tomography and [15O]-labeled water provide non-invasive and 
quantitative measurements of blood flow in the in adipose tissue (Virtanen et al., 
2001; Virtanen et al., 2002; Viljanen et al., 2005) even in deep, visceral adipose tissue 
depots (Virtanen et al., 2002) which are not accessible by catheterization. Blood flow 
measurement with [15O]-labelled water is used in the heart (Laine et al., 1998a) with 
arterial input function of the left ventricle time activity curve (Iida et al., 1992). In a 
previous study of subcutaneous and visceral adipose tissue metabolism and perfusion 
in vivo in humans, it was found that obese insulin-resistant subjects had a lower blood 
flow in both visceral and abdominal subcutaneous fat as compared with lean subjects 
(Virtanen et al., 2002). Visceral adipose tissue blood flow is higher than in 
subcutaneous adipose tissue (Virtanen et al., 2002). Basal blood flow in the heart does 
not differ in obese and lean subjects, but insulin-induced enhancement of myocardial 
blood flow is blunted in obesity (Sundell et al., 2002). Effects of weight loss on 
adipose tissue and heart perfusion are not known. 
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3 AIMS OF THE STUDY 
1. To study the effects of weight loss on whole-body, skeletal muscle and adipose 
tissue metabolism and blood flow simultaneously in obese subjects without co-
morbidies. (I) 
2. To compare the effects of weight loss on liver metabolism and liver fat content 
in obese subjects without co-morbidies.  (II) 
3. To evaluate the effects of weight loss on heart metabolism, function and heart 
fat content and mass in obese subjects without co-morbidies. (III) 
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4 SUBJECTS AND STUDY DESIGN 
4.1. Subjects  
The study included 34 subjects who were recruited from an occupational health 
service clinic and by announcement in a local newspaper. Inclusion and exclusion 
criteria are presented below. One subject withdrew her consent during the dieting 
period. Study subject characteristics are presented in Table 1. They were healthy, as 
judged by medical history and physical examination. Subjects selected to the studies 
did not use any medication and no medication was started during the studies. All 
subjects were non-smokers. 
Inclusion criteria for the study 
1) Age 20-64 years 
2) Body mass index (BMI) > 27 kg/m2 
3) Motivation for weight reduction 
4) Weight < 140 kg according to imaging technical issues 
Exclusion criteria for the study 
1)  Abuse of alcohol, (> 3 doses (one dose 12 g of ethanol) a day in men and > 2 
doses a day in women) or abuse of medication 
2)  Age < 20 or > 64 years 
3)  Anemia (hemoglobin < 100 g/l in men and < 90 g/l in women) 
4)  Anorexia, bulimia or other eating disorder in history 
5)  Any previous or present hepatic disease (GT > 100 U/l, ALAT > 3 x upper 
limit of the reference range, U/l) or renal disease (S-creatine > 130 µmol/l) 
6)  Blood pressure > 160/100 mmHg or medication for hypertension 
7) Congestive heart failure 
8) Diagnosed coronary heart disease 
9) Gallstones in history 
10)  Gout in history 
11) Medication for dyslipidemia 
12) Mental disorder in history 
13)  Metal object in the body as a contraindication for MRI studies 
14) Type 1 or 2 diabetes 
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Screening laboratory tests included a standard oral glucose tolerance test to exclude 
diabetes with the limit of 7.0 mmol/L at baseline and 11.1 mmol/L at 2 hours. Weight 
was measured with a calibrated scale in light hospital clothing, height was measured 
with a height rule. Waist circumference was measured with a tape horizontally at a 
level midway between lower ribs and iliac crest after gentle exhale and with one finger 
between the tape and subject´s body. Hip circumference was measured as the maximal 
circumference over the buttocks. Blood pressure was measured repeatedly in a sitting 
position from the right arm. 
Table 1. Study subjects; data are mean ± SE. 
Value Study I Studies II and III 
Number of subjects 16 33 (including all 16 from 
study I) 
Male/female 4/12 10/23 
Age, years (range) 45 (28 – 56) 44 (28 – 57) 
Weight, kg 95.7 ± 3.3 98.2 ± 2.1 
BMI, kg/m2 33.3 ± 1.2 33.7 ± 0.7 
Visceral fat mass, kg 1.6 ± 0.2 2.1 ± 0.1 
Waist, cm 106 ± 2.02 105 ± 1.46 
Hip circumference, cm 115 ± 1.9 114 ± 1.3 
Waist to hip ratio 0.917 ± 0.014 0.923 ± 0.011 
Systolic blood pressure, 
mmHg
135 ± 4.3 140 ± 2.9 
Diastolic blood pressure, 
mmHg 
91 ± 2.7 93 ± 1.7 
Glucose, mmol/L 5.5 ± 0.1 5.8 ± 0.1 
HbA1C, % 5.6 ± 0.1 5.6 ± 0.1 
Insulin, pmol/l 49.4 ± 9.4 62.7 ± 6.8 
C-peptide, nmol/l 0.64 ± 0.06 0.74 ± 0.04 
FFA, mmol/L 0.87 ± 0.06 0.74 ± 0.04 
Total cholesterol, mmol/L 4.5 ± 0.2 4.7 ± 0.1 
HDL-cholesterol, mmol/L 1.4 ± 0.1 1.4 ± 0.1 
Triglycerides, mmol/L 0.9 ± 0.1 1.1 ± 0.1 
LDL-cholesterol, mmol/L 2.7 ± 0.2 2.8 ± 0.1 
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4.2. Study design 
The study design is presented in Figure 1. Because of radiation dose limits, the same 
subjects were not studied with all radiotracers. Maximal calculated radition dose of the 
study was 12.8 mSv, which equals one diagnostic abdominal CT-scan. Of 34 subjects, 
16 consecutive subjects were measured with [15O]H2O and [18F]FDG in 
hyperinsulinemic euglucemic clamp (I, II ,III) (Figure 2) and 18 consecutive subjects 
were measured with [18F]FTHA (II, III) (Figure 3). One subject withdrew from the 
study in the [18F]FTHA protocol. Thus, 33 subjects were finally included in the 
analyses. 
After inclusion, the subjects participated in the first positron emission tomography, 
and magnetic resonance spectroscopy and imaging study. Thereafter, they started a 
very-low-energy diet. All daily meals were replaced by a very-low-energy diet for a 
period of six weeks (Nutrifast, Leiras Finland, Novartis Medical Nutrition AB, 
Sweden, 2.3 MJ (550 kcal), 4.5 g fat, 59 g protein, and 72 g carbohydrate per day). 
Written instructions with calculated energy tables were given to eat 1.0 MJ (250 kcal), 
vegetables preferred, to obtain total energy of 3.3 MJ (800 kcal) daily, and to drink 2-3 
L water or zero-energy drinks daily. Changes in physical activity were not allowed 
during the diet. After the six week diet, a one-week recovery period with instructions 
to eat 6.6 – 8.4 MJ (1600-2000 kcal) daily was allowed to reverse the catabolic state. 
The assessments were repeated after this recovery period. All imaging studies were 
done after overnight fast and any kind of strenuous physical activity and alcohol were 
prohibited for the 48 hours before the studies. 
 
Figure 1. [18F]FTHA = [18F]-fluoro-6-thia-heptadecanoic acid, MRI = magnetic resonance 
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Figure 2. FDG and clamp study protocol (I). 
 
Figure 3. FTHA study protocol (II, III). 
4.3. Ethics 
Written informed consent was obtained after the purpose and potential risks of the 
study had been explained to the subjects. The study protocol was approved by the 
Ethics Committee of the Hospital District of Southwest Finland and conducted 
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5.1. Image acquisition and processing (I-III) 
For production of [15O] (t½ = 123 sec), a low-energy deuteron accelerator Cyclone 3 
(Ion Beam Application Inc., Louvain-la-Neuve, Belgium) was used. [15O]H2O was 
produced using the dialysis technique in a continuously working water module (Sipilä 
et al., 2001). Sterility and pyrogenity tests were done to verify the purity of the 
product. The radiochemical purity of the [15O] was approximately 97 %. For 
production of [18F]FDG (t½ = 109 min), an automatic apparatus with a modification of 
the method of Hamacher (Hamacher et al., 1986) was used. Radiochemical purity of 
the [18F]FDG was over 99 %. For production of [18F]FTHA (t½ = 109 min), a 
nucleophilic radionucleation of benzyl 14 (R,S)-tosyloxy-6-thia-heptadecanoate 
(DeGrado et al., 1991) was used. Radiochemical purity of the [18F]FTHA was over 98 %. 
An eight-ring ECAT 931/08-tomograph was used for image acquisition in the 
[15O]H2O and [18F]FDG studies (I-III) (Siemens/CTI, Knoxville, TN, USA). A 5-min 
transmission scan was performed with a removable ring source containing 68Ge before 
the emission scan to correct for tissue attenuation of gamma photons. In [18F]FTHA 
studies (II, III), an integrated PET/CT (GE DiscoveryTM STE System, General Electric 
Medical Systems, Milwaukee, WI, USA) was used for image acquisition. 
For heart blood flow studies (III), [15O]H2O was injected intravenously, and a dynamic 
scan was performed for 6 min, using 6 x 5-, 6 x 15-, and 8 x 30-sec frames. Imaging 
was performed at rest and 60 sec after the adenosine infusion (140 µg · kg-1 · min-1). 
After the euglycemic clamp was started and [15O]H2O was injected intravenously in 
the abdominal adipose tissue blood flow study (I), a dynamic scan was performed for 
6 min, using 6 x 5, 6 x 15, and 8 x 30 sec frames. [18F]FDG was injected intravenously 
55 min after the start of the euglycemic clamp and dynamic scans were performed, 
using 2 x 30, 4 x 60, and 3 x 300 sec frames in adipose tissue and 5 x 180 sec frames 
in liver and heart and leg skeletal muscle (I-III). [18F]FTHA was injected 
intravenously, and after 40 minutes, a dynamic scan was performed using 4 x 300 sec 
frames in the fasting liver and heart (II, III). Arterialized blood samples were collected 
throughout the imaging studies to measure whole-body and plasma radioactivity. All 
data were corrected for dead time, decay and photon attenuation, and reconstructed 
(Alenius & Ruotsalainen, 1997). 
5.2. Measurements of tissue glucose uptake (I-III) 
Plasma and tissue [18F]FDG time-activity curves were analyzed graphically (Patlak & 
Blasberg, 1985) to quantify the fractional rate of tracer uptake (Ki). Graphical analysis 
of [18F]FDG kinetics was used (Sokoloff et al., 1977). Plasma radioactivity was 
measured with an automatic gamma counter (Wizard 1480 3; Wallac, Turku, Finland). 




MRI-PET fusion images avoiding tissue borders. Adipose tissue and skeletal muscle 
glucose uptakes were calculated as previously described with lumped constant values of 
1.14 and 1.2, respectively (Peltoniemi et al., 2000; Virtanen et al., 2001). In the liver, a 
lumped constant 1.0 was used in the liver glucose uptake analysis, as previously 
validated (Iozzo et al., 2007; Peltoniemi et al., 2000). The rate of glucose uptake was 
obtained by multiplying Ki by the plasma glucose concentration (Iozzo et al., 2007). 
Myocardial regions of interest were drawn on four subsequent mid-heart cross-sectional 
planes covering the anterior, lateral, and septal walls of the left ventricle. Myocardial 
glucose uptake (µmol/100g tissue/min) was calculated as previously described (Stolen et 
al., 2003) with a lumped constant value of 1.0 (Ng et al., 1998). 
5.3. Hyperinsulinemic euglycemic clamp and whole-body glucose 
uptake 
For determination of the rate of whole-body glucose uptake, the euglycemic 
hyperinsulinemin clamp technique was used (DeFronzo et al., 1979). Serum insulin 
was increased for 120 min using a primed-continuous (1 mU · kg-1 · min-1) infusion of 
insulin (Actrapid; Novo Nordisk A/S, Bagsvaerd, Denmark). Normoglycemia was 
based on plasma glucose measurements performed every 5 min from arterialized 
blood, and whole-body glucose uptake was calculated from the glucose infusion rate 
during the last 60 min when steady state was achieved, and expressed per kg of body 
weight (μmol⋅min-1⋅kg-1).  
5.4. Measurements of tissue FFA uptake (II, III) 
The fractional uptake constant of [18F]FTHA Ki was calculated according to the 
graphical analysis of Patlak and Blasberg (Patlak & Blasberg, 1985). Tissue FFA 
uptake was calculated by multiplying the Ki with the mean serum FFA concentration 
during the corresponding PET scan, and liver total FFA uptake was calculated by 
multiplying tissue FFA uptake with the liver volume. In the heart, [18F]FTHA plasma 
and tissue time-activity curves were analyzed as previously described (Mäki et al., 
1998). The non-metabolized fraction of [18F]FTHA was used to correct the plasma 
input function (Mäki et al., 1998). 
5.5. Measurements of tissue blood flow (I, III) 
In adipose tissue, the same ROIs were drawn on the (18F)FDG and (15O)H2O images of 
cross-sectional slices from identical planes. Abdominal subcutaneous and visceral 
adipose tissue blood flow was measured as previously described (Virtanen et al., 
2002). The autoradiographic method and a 250 sec integration time were applied to 
calculate [15O]H2O blood flow pixel by pixel. The adipose tissue glucose extraction 
rate was calculated by dividing glucose uptake by blood flow. Regions of interest were 
drawn in four representative transaxial slices in each study as previously described 
(Laine et al., 1998a). The regions of interest outlined in the baseline images were 




myocardial blood flow (expressed in mL/gram of tissue per minute) were calculated 
according to the previously published method using the single compartment model 
(Iida et al., 1995). The arterial input function was obtained from the left ventricle time 
activity curve using a previously validated method (Iida et al., 1992), in which 
corrections were made for the limited recovery of the left ventricle regions of interest 
and the spillover from the myocardial signals. Myocardial glucose extraction rate was 
calculated by dividing myocardial glucose uptake by myocardial blood flow at rest. 
The coronary flow reserve values were calculated by dividing adenosine-stimulated 
blood flow by basal blood flow. The rate pressure product was defined as the product 
of systolic blood pressure and heart rate. 
5.6. MR imaging (I-III) and 1H MR spectroscopy (II, III) 
A 1.5 T MR imager (Gyroscan Intera CV Nova Dual, Philips Medical Systems, Best, 
the Netherlands) was used for MRI and MRS. A single 10 mm thick T1-weighted fast 
field echo image was obtained at the level of the intervertebral disc L2/L3 for analysis 
of abdominal adipose tissue mass as previously described (Abate et al., 1997). Fat 
volume was converted into fat weight using an adipose tissue specific gravity of 
0.9196 kg/L. Anatomic T1-weighted fast field echo images with 18 slices and slice 
thickness of 10 mm covering the area of the upper abdomen were also obtained. 
Patients were instructed to fast for 12 hours prior to the 1H MRS studies. In addition 
to the 1H MRS measurement of hepatic triglyceride content, MRI was performed to 
obtain an anatomical reference for PET. Axial T1-weighted dual fast field echo 
images (TE 2.3 and 4.6 ms, TR 120 ms, slice thickness 10 mm without gap) covering 
the area of the liver were acquired during standardized breath-hold intervals. A single 
voxel with a volume of 27 cm3 was positioned in the liver outside the area of the great 
vessels. To ensure similar voxel placement before and after the intervention, the voxel 
location was recorded in each patient. A PRESS 1H MRS sequence was used with the 
following parameters: TR = 3000 ms, TE = 25 ms with data acquired during breath-
hold intervals. 1H MRS findings of the liver have been validated in both animal and 
human studies (Garbow et al., 2004; Szczepaniak et al., 1999). Using a local 
workstation, liver margins were outlined manually on each individual image. Total 
liver volume was calculated by multiplying the measured surface areas of each slice 
by the slice thickness, as previously described (Lewis et al., 2006). 
Myocardial triglyceride content was measured by proton magnetic resonance 
spectroscopy as previously described (Kankaanpää et al., 2006). In the current study, 
spectra were analysed with the user-independent LCModel software (Provencher, 
1993). A blinded objective quality check of the analysis of each individual spectrum 
(acquired during a single breath hold) was performed before final analysis of the 
summed spectra for each visit. The triglyceride and water amplitudes were corrected 
for different T2 decay and molar concentrations of 1H nuclei in triglyceride and water 
(Nikolaidis et al., 2006; Szczepaniak et al., 1999). Myocardial triglyceride content 
was defined as triglyceride in relation to the total weight of myocardial tissue 




Left ventricular function and dimensions of the heart were measured from continuous 
short axis slices using the balanced turbo field echo sequence. Ten to fourteen slices 
were acquired during serial breath holds and vectorcardiographic gating to cover the 
left ventricle completely from apex to atrium. Slice thickness was 8 mm without gap 
between slices. Imaging parameters consisted of a repetition time of 3.4 msec, echo 
time of 1.7 msec, flip angle of 60º and matrix of 256 x 256. Image analysis was 
performed by using Philips post-processing software (ViewForum R5.1; Philips 
Medical Systems). Cine loops were reviewed to identify end-diastolic and end-systolic 
frames. Epicardial and endocardial contours were outlined manually (Alfakih et al., 
2004; Koskenvuo et al., 2007). Papillary muscles were separately outlined and 
included in the myocardium. End-diastolic volume and end-systolic volume were 
calculated, and cardiac output and ejection fraction were computed from these. 
Myocardial left ventricle mass was calculated from diastolic images. Stroke volume 
was calculated as cardiac output/heart rate. Cardiac work was calculated as mean 
arterial pressure x cardiac output x 1.36 (Peterson et al., 2004).  
5.7. Oral glucose tolerance test (II) 
An oral glucose tolerance test was done after an overnight fast within three days of the 
imaging studies. A commercial liquid product of 75 g of glucose was given orally and 
venous blood sampling was done at -15, 0, 15, 30, 45, 60, 90 and 120 min. The oral 
glucose insulin sensitivity (OGIS) index was calculated from the oral glucose 
tolerance test 0, 90 and 120 min insulin and glucose values as previously described 
(Mari et al., 2001). Endogenous glucose production was calculated from plasma 
(18F)FDG kinetics as previously validated (Iozzo et al., 2006). 
5.8. Hepatic insulin resistance and fractional extraction (II) 
Hepatic insulin resistance was calculated as a product of endogenous glucose 
production and insulin levels (Matsuda & DeFronzo, 1999). Insulin clearance was 
calculated from the oral glucose tolerance test as mean insulin secretion divided by 
mean insulin concentration during the oral glucose tolerance test. Insulin clearance 
from the euglycemic clamp was calculated as the insulin infusion divided by the 
steady-state insulin concentration during the clamp. Hepatic insulin fractional 
extraction was calculated as 1-(clamp insulin clearance)/(oral glucose tolerance test 
insulin clearance). 
5.9. Biochemical analyses (I-III) 
Arterialized plasma glucose was determined in duplicate by the glucose oxidase 
method (Analox GM9 Analyzer; Analox Instruments, London, UK). Glycosylated 
hemoglobin A1C (HbA1c) was determined by high performance liquid chromatography 
(Variant II, Bio-Rad, CA, USA). Serum insulin was determined by time-resolved 
immunofluorometric assay (AutoDELFIA, PerkinElmer Life and Analytical Sciences, 




immunofluorometric assay, (AutoDELFIA, PerkinElmer Life and Analytical Sciences, 
Wallac Oy, Turku, Finland). Plasma cholesterol was determined by photometric, 
enzymatic (cholesterol esterase, cholesterol oxidase) assay (Modular P800, Roche 
Diagnostics GmbH, Mannheim, Germany). Plasma high density lipoprotein 
cholesterol and triglycerides were determined by direct photometric enzymatic (PEG-
modified cholesterol esterase and cholesterol oxidase with dextran sulphate) assay 
(Modular P800, Roche Diagnostics GmbH, Mannheim, Germany). Serum low density 
lipoprotein cholesterol was estimated using the Friedewald equation. Serum FFA were 
determined by photometric enzymatic assay (NEFA C, ACS-ACOD, Wako Chemicals 
GmbH, Neuss, Germany, Modular P800, Roche Diagnostics GmbH, Mannheim, 
Germany). Serum high-sensitivity C-reactive protein was analyzed with the sandwich 
immunoassay method using an Innotrac Aio1 immunoanalyzer (Innotrac Diagnostic, 
Turku, Finland). Radioimmunoassay was used for determination of serum leptin 
(Human Leptin RIA kit, Linco Research) and total adiponectin (Human Adiponectin 
RIA kit, Linco Research, St. Charles, Missouri, USA) determinations. The Luminex 
200 and the Luminex XYPTM platform came from the Luminex Corporation 
(Luminex, Austin, TX). The software, Bio-PlexTM Manager version 4.1 came from 
Bio-Rad (Bio-Rad Laboratories AB, Sundbyberg, Sweden). The array reader was 
calibrated using the Bio-Plex Calibration kit (kit cat no. 171-203060, Bio-Rad 
Laboratories AB, Sundbyberg, Sweden). The calibration curves for each analyte were 
calculated using the Bio-Plex 4.1 software. Serum concentrations of cytokines were 
analysed in duplicate using Bio-Plex Human Cytokine Assays (containing IL-4, IL-10, 
INFγ and TNFα), and  Bio-Plex cytokine reagent Kits (Cytokine Reagent Kit, cat no. 
171-304000) as recommended by the manufacturer (Bio-Rad Laboratories AB, 
Sundbyberg, Sweden). IL-6 concentration was determined using a commercially 
available enzyme-linked immunosorbent assay (ELISA) kit following the 
manufacturer’s instructions (Pelikine Compact human IL-6 ELISA kit, CLB, 
Amsterdam, the Netherlands). The optical density of the samples was determined 
using a Multiscan Ascent spectrophotometer (Thermo Labsystems, Helsinki, Finland). 
The detection limit for the IL-6 assay was 0.6 pg/mL (range 0–51.2 pg/mL) 
(Lehtimäki et al., 2005). 
5.10. Statistical analyses (I-III) 
Results are given as mean ± SE, unless stated otherwise. Effects of treatment were 
examined by comparing pre- and post-treatment values with each other using non-
parametric Wilcoxon signed rank test. Univariate associations between the study 
variables were analyzed by calculating the Pearson´s or Spearman's correlation 
coefficients when appropriate. All statistical analyses were performed using the SAS 





Baseline characteristics did not differ between FDG examination (n=16) and FTHA 
examination (n=17) and other than PET data was pooled when applicable to the 
studies II and III. All subjects lost weight with the avarage of 11.2 kg (range 6.6 – 
19.4 kg). One adverse effect was reported to the ethical committee: one subject had 
constipation and this probable predisposed to vitreous ablation and retinal hole which 
was treated accordingly with no permanent impairment. 
Effects of weight loss on anthropometrics and some laboratory parameters are shown in 
Table 2. Significant decrease in weight, BMI, and waist circumference were found 
along with a reduction of total cholesterol, high density and low density lipoprotein 
cholesterol values and triglycerides. Fasting plasma glucose decreased with HbA1C, with 
a borderline decrement in serum insulin values. Serum FFA levels did not change. 
Table 2. Characteristics of 33 subjects at baseline and after six-week diet, (studies II, III). Data 
are mean ± SE and fasting. P-values compare pre/post treatment values using non-parametric 
Wilcoxon signed rank test. 
Value Baseline After weight loss P value 
Weight, kg 98.2 ± 2.1 87.0 ± 2.0 <0.0001 
BMI, kg/m2 33.7 ± 0.7 29.9 ± 0.7 <0.0001 
Waist, cm 105 ± 1.5 94 ± 1.4 <0.0001 
Insulin, pmol/L 62.7 ± 6.8 55.3 ± 7.7 0.065 
Glucose, mmol/L 5.8 ± 0.1 5.6 ± 0.1 0.036 
HbA1C, % 5.6 ± 0.1 5.4 ± 0.1 <0.0001 
FFA, mmol/L 0.74 ± 0.04 0.71 ± 0.05 0.21 
Gamma-GT, U/L 27.1 ± 3.2 19.1 ± 2.2 <0.0001 
Total cholesterol, mmol/L 4.7 ± 0.1 3.7 ± 0.1 <0.0001 
HDL cholesterol, mmol/L 1.4 ± 0.1 1.3 ± 0.1 <0.001 
Triglycerides, mmol/L 1.1 ± 0.1 0.9 ± 0.1 <0.001 
LDL cholesterol, mmol/L 2.8 ± 0.1 2.1 ± 0.1 <0.0001 
6.1. Effects of weight loss on skeletal muscle and whole-body 
glucose uptake 
Skeletal muscle glucose uptake increased by 35 % in parallel with whole body glucose 
uptake (Table 3). Skeletal muscle glucose uptake correlated strongly with whole-body 
insulin sensitivity before and after weight loss (r = 0.94 and r = 0.91, respectively; 
p<0.0001 for both). 
6.2. Effects of weight loss on adipose tissue metabolism 
Subjects lost weight with the avarage of 11.1 kg (range 6.6 – 19.4 kg). in study I 




visceral adipose tissue masses decreased significantly. Abdominal subcutaneous 
adipose tissue masses correlated inversely at baseline and after weight loss with 
insulin-stimulated glucose uptake in the same tissue (r = -0.74 and -0.57, respectively; 
p<0.03 for both). Abdominal subcutaneous adipose tissue masses also correlated 
inversely with whole-body insulin sensitivity before and after weight loss (r = -0.60 
and -0.68, respectively; p<0.02 for both). Visceral adipose tissue mass correlated 
inversely with insulin-stimulated glucose uptake in the same tissue (r = -0.56, p<0.03), 
and with whole-body insulin sensitivity at baseline (r = -0.60, p<0.02). 
Table 3. Effects of weight loss on 16 study subjects (study I). Data are mean ± SE. P-values 
compare pre/post treatment values using non-parametric Wilcoxon signed rank test. 
Value Baseline After weight loss P-value 
Weight, kg 95.7 ± 3.3 84.6 ± 2.9 <0.0001 
BMI, kg/m2 33.3 ± 1.1 29.5 ±1.0 <0.0001 
Systolic blood pressure, mmHg 135 ± 4.3 124 ± 4.4 <0.001 
Diastolic blood pressure, mmHg 91 ± 2.7 82 ± 2.6 <0.002 
Rate pressure product 8597 ± 386 7436 ± 432 <0.01 
fP-glucose, mmol/L 5.5 ± 0.1 5.4 ± 0.1 0.62 
Abdominal subcutaneous fat mass, kg 6.7 ± 0.8 5.6 ± 0.7 <0.001 
Visceral fat mass, kg 1.6 ± 0.2 1.2 ± 0.1 <0.001 
Abdominal subcutaneous glucose 
extraction, µmol/ml 
0.63 ± 0.08 0.68 ± 0.06 0.25 
 
Visceral glucose extraction,  µmol/ml 0.52 ± 0.06 0.57 ± 0.07 0.30 
Skeletal muscle glucose uptake, 
µmol/min/100ml tissue 
4.8 ± 0.7 6.5 ± 0.8 <0.002 
Whole-body insulin sensitivity, 
µmol/kg/min 
24.2 ± 2.5 31.9 ± 3.9 <0.01 
6.2.1. Adipose tissue blood flow and glucose uptake 
Visceral blood flow and insulin-stimulated glucose uptake were significantly higher, 
as compared with corresponding values in abdominal subcutaneous adipose tissue 
before and after the intervention (p<0.01 for all). Weight reduction did not change 
visceral or abdominal subcutaneous insulin-stimulated glucose uptake or blood flow 
when expressed per gram of mass. When the results were calculated for the whole 
adipose tissue depots, glucose uptake values did not change, whereas adipose tissue 
blood flow values decreased significantly in both visceral and abdominal 
subcutaneous depots (Figure 4). 
In univariate analysis, there was no association between adipose tissue blood flow and 
insulin-stimulated glucose uptake in either of the compartments. Glucose extraction, 
as calculated from independently measured glucose uptake and blood flow values did 















































Figure 4. Blood flow and glucose uptake in adipose tissue, n=16, (study I). White bar 
represents before and black bar after the weight loss, data are mean ± SE. * p < 0.05 compared 
baseline, ** p <0.05 compared between abdominal subcutaneal and visceral adipose tissue both 
at baseline and after weight loss. 
6.2.2. Adipokines and cytokines 
Of the measured adipokines and cytokines, only leptin and IL-6 concentrations 
decreased after weight loss (Table 4). The high-sensitivity C-reactive protein as a 
marker of inflammation decreased. 
Table 4. Effects of weight loss on adipokines and cytokines and high sensitivity C-reactive 
protein, n=16, (study I). Data are mean ± SE. P-values compare pre/post treatment values using 
non-parametric Wilcoxon signed rank test. 
Value Baseline After weight loss P-value 
Leptin, ng/ml 29.2 ± 4.3 14.6 ± 2.8 <0.001 
Adiponectin, µg/ml 11.3 ± 1.1 11.9 ± 1.0 0.59 
Tumor necrosis factor-α, pg/ml 1.0 ± 0.4 0.8 ± 0.3 0.21 
IL-4, pg/ml 1.9 ± 0.6 1.6 ± 0.4 0.55 
IL-6, pg/ml 2.7 ± 0.4 1.9 ± 0.2 <0.03 
IL-10, pg/ml 2.6 ± 0.9 2.6 ± 0.6 0.50 
Interferon gamma, pg/ml 17.1 ± 5.5 18.6 ± 6.7 0.70 
























































































Leptin correlated with abdominal subcutaneous adipose tissue masses before and after 
weight loss (r = 0.58 and 0.73, respectively; p<0.02 for both). Inverse correlations 
were found between leptin and abdominal subcutaneous adipose tissue blood flow (r = 
-0.75, p<0.001) and insulin-stimulated glucose uptake (r = -0.54, p<0.03) at baseline. 
These associations were weaker after weight loss (r = -0.47, p=0.07 for both). IL-6 
correlated with abdominal subcutaneous adipose tissue masses before and after weight 
loss (r = 0.52 and 0.57, respectively; p<0.04 for both). There was also an inverse 
correlation between IL-6 and abdominal subcutaneous insulin-stimulated glucose 
uptake before and after weight loss (r = -0.75 and -0.68, respectively; p<0.004 for 
both). 
6.3. Effects of weight loss on liver metabolism 
Serum lipids, gamma-GT and high sensitivity c-reactive protein decreased (Table  2, 
Table 4.). There was no significant change in OGTT 2-hour values. Effects of weight 
loss on liver metabolism are presented in Table 5.  
Table 5. Effects of weight loss on glucose uptake and insulin clearance rates, n=16 (study II). 
Data are mean ± SE. P-values compare pre/post treatment values using non-parametric 
Wilcoxon signed rank test. 
Value Baseline After weight loss P-value 
Liver insulin-mediated glucose 
uptake, µmol/min/100ml 
2.3 ± 0.1 2.2 ± 0.1 0.86 
P-glucose during clamp, mmol/L 5.1 ± 0.1 5.2 ± 0.1 0.14 
S-insulin during clamp, pmol/l 458 ± 16.1 441 ± 12.1 0.25 
Endogenous glucose production 
(mmol/min) 
0.65 ± 0.06 0.43 ± 0.08 <0.04 
Insulin clearance rate in OGTT, 
L/min/m2 
1.27 ± 0.09 1.49 ± 0.09 <0.006 
Insulin clearance rate in clamp, 
L/min/m2 
0.55 ± 0.03 0.63 ± 0.07 0.45 
6.3.1. Liver glucose and FFA uptake 
Liver volume decreased by 11 % (from 1600 ± 81 ml to 1420 ± 73 ml, p<0.002). This 
was partly explained by liver triglyceride content, which decreased by 60 % 
(p<0.0001). Although serum FFA concentrations did not differ, liver FFA uptake was 
26 % lower after the dieting period (p<0.003) (Figure 5), whereas insulin-mediated 
hepatic glucose uptake did not change. The endogenous glucose production, as 
determined from the FDG plasma radioactivity curves of 15 subjects, was decreased 
by 40 % (p<0.04) (Table 5). Consequently, the net balance of glucose across the liver 
(i.e. difference between uptake and release) was changed in favour of glucose 
retention as the organ demonstrated an improvement in hepatic insulin resistance 
































































































































Figure 5. Effects of weight loss on liver metabolism (study II). White bar is before and black bar 
is after weight loss. Data are mean ± SE. * p < 0.05 compared to baseline. FFA = free fatty acid. 
6.3.2. Associations of liver steatosis  
In univariate analysis, liver fat content was positively associated with whole-liver FFA 
uptake, visceral fat mass, fasting serum FFA, HbA1C and fasting plasma triglyceride 
concentrations (Table 6). 
Liver fat content was negatively associated with skeletal muscle insulin-stimulated 
glucose uptake both before and after the intervention (r=-0.60, p<0.02 and r=-0.68, 
p<0.01) and with the OGIS index (r=-0.43, p<0.04 and r=-0.57, p<0.003, 
respectively). Baseline values and changes in hepatic insulin fractional extraction were 
associated with those in skeletal muscle glucose uptake (r=0.72, p<0.002 and r=0.75, 
p<0.002 respectively) and the OGIS index (r=0.60, p<0.02 and r=0.56, p<0.03 
respectively). 
Table 6. Correlations of liver triglyceride content (study II). 
 Liver triglyceride content  
 Baseline Changes after weight loss 
Whole liver FFA uptake, n=17 r = 0.50, p<0.05 r = 0.54, p<0.03 
Visceral fat mass, n=33 r = 0.53, p<0.002 r = 0.39, p<0.04 
Serum FFA levels, n=33 r = 0.36, p<0.04 r = 0.41, p<0.02 
HbA1C, n=33 r = 0.50, p<0.003 r = 0.37, p<0.04 




6.4. Effects of weight loss on heart metabolism 
Effects of weight loss on hemodynamics, myocardial structure and function are 
presented in Table 7. Standard electrocardiographs were normal before and after 
weight loss in all subjects. There was significant reduction in blood pressure and heart 
rate. Left ventricle mass decreased by 7 % (p<0.005). Cardiac output decreased by 18 
% (p<0.0005) while stroke volume did not change (p=0.15) Cardiac work decreased 
by 26 % (p<0.0001). 
Table 7. Hemodynamic parameters, cardiac structure and function in 17 subjects (study III). 
Data are mean ± SE. P-values compare pre/post treatment values using non-parametric 
Wilcoxon signed rank test. 
Value Baseline After weight loss P value 
Hemodynamics    
Heart rate, bpm 70 ± 2 60 ± 2 0.0003 
Systolic blood pressure, mmHg 145 ± 4 132 ± 4 0.0007 
Diastolic blood pressure, mmHg 95 ± 2 85 ± 2 0.0002 
Mean arterial pressure, mmHg 112 ± 2 100 ± 3 0.0001 
Rate pressure product, 
mmHg · bpm 
10100 ± 403 7800 ± 455 <0.0001 
Structure    
Left ventricle mass, g 109 ± 7 101 ± 6 0.0043 
Function    
Cardiac output, L/min 8.3 ± 0.4 6.8 ± 0.3 0.0004 
Cardiac index, L · min-1 · m-2 3.8 ± 0.1 3.3 ± 0.2 0.0067 
Stroke volume, L/beat 0.12 ± 0.01 0.12 ± 0.01 0.15 
Cardiac work, mmHg · L · min-1 1248 ± 56 921 ± 49 <0.0001 
6.4.1. Heart glucose and FFA uptake 
Myocardial fatty acid uptake decreased by 24 % (p<0.0001) and myocardial 
triglyceride content decreased by 31 % (p=0.076) (Figure 6). Insulin-stimulated 
myocardial glucose uptake remained unchanged when whole-body insulin sensitivity 
increased by 33 % (from 24.2 ± 2.5 to 31.9 ± 3.9 µmol/kg/min, p<0.01). Basal 
myocardial blood flow decreased by 8 % (p<0.04), when adenosine stimulated blood 
flow remained unchanged (from 5.1 ± 0.3 to 5.1 ± 0.3 ml/g/min, p=0.82). Coronary 
flow reserve (from 4.3 ± 0.4 to 4.2 ± 0.4 dimensionless, p=0.98) and myocardial 



































































































































Figure 6. Effects of weight loss on myocardial substrate metabolism, triglyceride content and 






The rapid loss of body weight during a six weeks of a very-low-energy diet leads to 
the elevation of whole-body insulin sensitivity and skeletal muscle glucose uptake in 
humans. The present study demonstrates the different regulation between perfusion 
and metabolism in visceral and abdominal subcutaneous adipose tissue in. Marked 
weight reduction after very-low-energy diet decreased adipose tissue perfusion per 
depot in both visceral and abdominal subcutaneous adipose tissue compartments, 
whereas insulin-stimulated glucose uptakes remained unchanged. 
To our knowledge, this is the first study where liver glucose and fatty acid 
metabolism, together with liver triglyceride content, were evaluated simultaneously 
before and after weight loss induced by a very-low-energy diet. As could be expected, 
liver triglyceride content per volume decreased and liver volume decreased with 
dieting. When the metabolic rates before and after the six-week energy restriction 
were compared, liver insulin resistance and especially hepatic fatty acid uptake were 
significantly decreased. These findings are accompanied by improved skeletal muscle 
insulin sensitivity and amelioration of all measured metabolic and hemodynamic 
variables. We could show that myocardial uptake of FFA was reduced after a short-
term very-low-energy diet. Furthermore, these changes were paralleled be a reduction 
in left ventricle mass, cardiac work and resting perfusion and borderline reduction in 
myocardial triglyceride content. Short-term weight loss did not change myocardial 
insulin-stimulated glucose uptake or maximal vasodilatatory capacity. 
To minimize the radiation burden of the healthy volunteers, we did not perform all 
PET studies in all subjects. Methods that were used were previously validated and 
feasible, but time-consuming and expensive to use in clinical work. Furthermore, these 
studies did not have a control group and the number of study subject studied was 
relatively small with mixed age and sex. Technical issues limited the number of heart 
MRS examinations. Use of very-low-energy diet for 6 weeks was effective, but 
continuing of the diet could have changed some borderline results.  
7.2. Weight loss and adipose tissue metabolism 
Adipose tissue perfusion and insulin-stimulated glucose uptake per gram of tissue 
were found to be higher in the visceral area as compared to abdominal subcutaneous 
fat. This observation is in line with previous flow results in animals (Enevoldsen et 
al., 2000) and in humans (Virtanen et al., 2002), and glucose uptake results in 
humans (Virtanen et al., 2002). Adipose tissue masses and blood flow values in 
adipose tissue were of the same order of magnitude as previously found in obese 
subjects using this or other techniques (Frayn et al., 2003; Virtanen et al., 2002). 




innervation and circulation in visceral depots (West et al., 1989) since adipose tissue 
blood flow has a regulatory role in adipose metabolism (Frayn et al., 1997). Visceral 
adipose tissue has also been found to be particularly active in lipid metabolism 
(Mårin et al., 1992). Moreover, adipose tissue delivers vasoactive substances, 
adipokines and cytokines, their secretion being depot-dependent (Montague et al., 
1997; Orel et al., 2004; Lefebvre et al., 1998). Furthermore, visceral obesity is the 
main indicator of dysfunctional adipose tissue as part of a cluster of metabolic 
abnormalities defined as a metabolic syndrome (Despres & Lemieux, 2006). 
Although our data show visceral fat to be more metabolically active, the abdominal 
subcutaneous fat mass was four times larger than the visceral fat mass. Because the 
total subcutaneous adipose tissue mass is much larger than the intra-abdominal one, 
subcutaneous adipose depot is expected to have a stronger impact on the metabolism 
of the whole body (Jensen, 2006). The inverse relationship between abdominal 
subcutaneous and whole-body insulin sensitivity observed in this study provides 
support to this concept. 
We have previously reported in non-obese and obese non-diabetic and diabetic 
subjects, an inverse relationship between adipose tissue mass and adipose tissue 
glucose uptake in the intra-abdominal and abdominal subcutaneous depot, indicating 
that down-regulation of insulin sensitivity in expanding fat depots may be a general 
phenomenon (Virtanen et al., 2002; Virtanen et al., 2005). The changes in cellular 
phenotype that occur as adipocytes hypertrophy include a strictly mechanical effect, 
whereby an enlarged lipid droplet pushes cell organelles, such as mitochondria, against 
the cell surface. However, when calculated per tissue depot, glucose uptake in each 
scanned fat depot, intra-abdominal, subcutaneous, and total, was similar (Virtanen et 
al., 2005).  In concert with this, total abdominal subcutaneous or intra-abdominal 
adipose tissue glucose uptake during insulin stimulation was identical before and after 
dieting in the present study. 
Our data document how the total perfusion through both abdominal subcutaneous and 
visceral depots during euglycemic hyperinsulinemic conditions accounts for a large 
proportion of the estimated cardiac output.  If we assume that the perfusion is similar 
throughout the subcutaneous adipose tissue in the body, and the average flow rates 
measured here are used, in a 100 kg subject with 27 % body fat (Virtanen et al., 2002), 
the whole-body adipose tissue flow would be approximately 900 ml/min, 
corresponding to ~18 % of average cardiac output (5 L/min). Furthermore, a 10 kg 
weight reduction connected with a moderate -10 % fat mass decrement would then 
result in a whole-body adipose tissue flow of 620 ml/min, representing 12 % of 
average cardiac output. These estimations suggest that the adipose tissue has an 
important impact on cardiac workload, and that the weight reduction can also reduce 
the adipose tissue-dependent part of it. In accordance with this, both blood pressure 
values and the rate pressure product, which are indirect indicators of cardiac work and 
known correlates of myocardial oxygen consumption (Gobel et al., 1978), decreased 




7.2.1. Adipokines and cytokines 
In this study, serum leptin levels decreased after weight loss as has been previously 
found (Considine et al., 1996) and leptin correlated with abdominal subcutaneous 
adipose tissue mass before and after weight loss. Leptin acts as a peripheral signal to 
the central nervous system in the hypothalamic regulation of eating behaviour and 
metabolic homeostasis (Havel, 2001; Porte, Jr. et al., 2002; Niswender & Schwartz, 
2003). In addition, direct autocrine/paracrine functions of leptin have been described 
(Frühbeck et al., 1997). In dieting, hunger is related to magnitude of leptin decrement 
(Keim et al., 1998), and in one study, leptin treatment reduced appetite (Westerterp-
Plantenga et al., 2001). Leptin gene expression is elevated in obesity (Frühbeck et al., 
1997), and leptin receptor defects result in extreme hyperphagia and obesity in 
humans (Clement et al., 1998). Interestingly, leptin mRNA levels (Lefebvre et al., 
1998; Montague et al., 1997) and secretion of leptin are higher in subcutaneous than in 
visceral adipocytes (Orel et al., 2004), which may account for our finding that 
circulating leptin levels were more strongly associated with abdominal subcutaneous 
than with visceral fat metabolism and perfusion. 
Circulating leptin correlated inversely with abdominal subcutaneous adipose tissue 
blood flow before weight loss in this study. Leptin receptors are found in the 
vasculature, and long-term infusion of leptin is found to increase arterial blood 
pressure (Shek et al., 1998) and lead to endothelial dysfunction (Knudson et al., 
2005), as well as play a role in angiogenesis (Sierra-Honigmann et al., 1998). Leptin is 
also proposed to be involved in control of vascular tone, and blood pressure, by 
simultaneously producing a neurogenic pressor effect and an opposing nitric oxide-
mediated depressor effect (Fruhbeck, 1999). Thus, leptin might be one obesity-
associated factor contributing to reduced blood flow, and as a consequence of 
increased blood pressure, to increased cardiovascular morbidity and mortality in 
obesity. In this sense, leptin is also a potential link between weight loss and beneficial 
vascular effects. 
In our dataset, circulating IL-6 levels decreased reflecting improvement of 
inflammation, possibly involving adipose tissue. IL-6 levels correlated with abdominal 
subcutaneous adipose tissue masses throughout this study, and they also correlated 
inversely with insulin-stimulated abdominal subcutaneous adipose tissue glucose 
uptake. About 30 % of all IL-6 is secreted by adipose tissue (Mohamed-Ali et al., 
1997), and 10 % is produced by adipocytes (Fried et al., 1998). IL-6 is reduced after 
weight loss (Esposito et al., 2003), and is associated with insulin resistance and 
obesity (Vozarova et al., 2001). IL-6 gene expression is also elevated in obesity 
(Vgontzas et al., 1997) when it is expressed in adipose tissue, and is thought to be 
related to macrophage infiltration of adipose tissue (Fantuzzi, 2005). In turn, the 
infiltration of inflammatory cells into adipose tissue depots further stimulates 
adipocytes to secrete inflammatory mediators and adipokines, thus promoting a 
vicious circle (Di Gregorio et al., 2005).  
Circulating total adiponectin level was not altered by dieting in this study, as has 




Anderlova et al., 2006; Kim et al., 2006). In a one-year-long weight loss intervention, 
elevation of adiponectin levels was observed (Coppola et al., 2008). Low adiponectin 
levels and gene expression are found in obesity (Arita et al., 1999;Weyer et al., 2001), 
and it has been found that adiponectin gene expression is higher in visceral adipose 
tissue than in subcutaneous adipose tissue (Motoshima et al., 2002). Adiponectin 
administration lowers glucose levels in healthy mice and in mouse models of diabetes 
(Berg et al., 2001), and it lowers hepatic glucose production and liver fat in mice 
(Combs et al., 2001; Xu et al., 2003). Adiponectin also enhances insulin action to 
decrease glucose production in isolated hepatocytes (Yamauchi et al., 2001). These 
findings and our results indicate that adipose tissue glucose metabolism could be 
partly mediated by adiponectin in an autocrine manner. Other measured cytokines; 
tumor necrosis factor-α, IL-4, IL-10 and interferon-γ, did not change after weight loss, 
and there were no associations between these cytokines and adipose tissue masses, 
glucose uptake values or blood flow values in line with the notion that they are 
derived mainly from tissues other than fat. 
7.3. Weight loss and liver metabolism 
Liver triglyceride content was, on average, 6.1 % at baseline with a mean BMI of 33.7 
kg/m2, and almost half of the subjects had values in excess of 5 %, i.e. the diagnostic 
cut-off of steatosis (Hoyumpa, Jr. et al., 1975; Thomsen et al., 1994). After a very-
low-energy diet of six weeks, mean triglyceride content was 2.4 % with a BMI of 29.9 
kg/m2, and only one-eighth of subjects had levels within steatotic range. Triglyceride 
content decreased in parallel with a decrease in visceral fat mass. This was consistent 
with the observation that 80 % of the total loss in hepatic triglycerides induced by a 
very-low-energy regimen occurs within two weeks from the start of energy restriction, 
as compared with a progressive, and slower decline in the visceral adipose tissue mass 
(Colles et al., 2006). The decrease in liver volume with dieting has previously been 
reported in the severely obese (Lewis et al., 2006), but was also demonstrated here. 
Interestingly, it could only partly be explained by reduced triglyceride content. This 
might suggest that the volume is also decreased due to reduced water content or 
inflammation of the liver. In agreement with previous studies, we found lower 
circulating concentrations of high sensitivity C-reactive protein, as well as gamma-GT 
levels (Raitakari et al., 2004). 
Liver FFA uptake was decreased in parallel with a decrease in liver fat when measured 
after a week´s normal energy diet following the very-low-energy diet period. The 
circulating triglyceride levels correlated significantly with liver fat content, indicating 
excess dietary fat and increased substrate delivery in the development of hepatic 
steatosis (Utzschneider & Kahn, 2006), thus supporting this mechanistic link in the 
association of insulin resistance with liver fat content. Because fasting serum fatty 
acid concentrations were similar after the dieting period, the change in the uptake was 
due to direct effects on the intrinsic regulation of fatty acid uptake by the liver. The 
findings of a reduced fatty acid uptake, together with a lower lipid content in the liver, 




(Hannukainen et al., 2007). In our current study, participants were instructed not to 
change their physical activity to avoid the overlapping effects of exercise, thus energy 
restriction or increased physical activity alone may share similar outcomes in terms of 
hepatic lipid storage. 
7.3.1. Hepatic glucose and insulin metabolism 
Mean fasting C-peptide levels decreased and fasting insulin levels tended to decrease 
with the diet intervention in parallel with increased hepatic insulin fractional 
extraction. Importantly, the endogenous glucose production and liver insulin 
sensitivity were improved by >20 % after the intervention, consistent with the 
described relationship linking liver steatosis and hepatic glucose production (Seppälä-
Lindroos et al., 2002), and with the decline in endogenous glucose production induced 
by a two-day very-low-energy regimen in patients with diabetes (Jazet et al., 2005). 
Insulin-mediated hepatic glucose uptake was not changed. This evidence is compatible 
with our previous findings (Iozzo et al., 2003a) showing that insulin-mediated glucose 
uptake in the liver is much less dependent on insulin resistance than it is in the whole 
body, and does not differ between non-diabetic insulin-resistant and insulin-sensitive 
subjects. Liver glucose uptake is modulated by plasma glucose and fatty acid 
concentrations (Iozzo et al., 2003b; Iozzo et al., 2004a), neither of which changed in 
our study. Altogether, the above observations can be summarized as follows: the 
insulin-mediated retention of glucose by the liver - accounting for the balance between 
output and uptake of glucose - is enhanced due to energy restriction, and this effect is 
probably mediated, at least in part, through the lowering of fatty acid uptake and 
accumulation in the organ. This may be the mechanism explaining the association 
between changes in glycosylated hemoglobin and in liver fat content observed in this 
study. 
Hepatic insulin fractional extraction was associated with insulin sensitivity. The liver 
removes approximately 50 % of secreted insulin during the first portal passage (Sato 
et al., 1991; Duckworth et al., 1988) and reduced hepatic insulin clearance is a typical 
finding in insulin resistance (Letiexhe et al., 1993). Although a decrease in insulin 
clearance through saturation of the insulin-removal processes may be a consequence 
of the increased insulin levels following insulin resistance, a primary role of the liver 
in controlling insulin action by modulating the supply of insulin to the systemic 
circulation has been also proposed (Duckworth et al., 1988). In support of this 
hypothesis - implicating visceral fat as the regulatory element – either a selective 
elevation of fatty acid levels in the portal vein or the accumulation of triglycerides in 
the liver has been shown to negatively affect hepatic insulin clearance, causing 
hyperinsulinemia (Björntorp, 1995; Yoshii et al., 2006), while chronic 
hyperinsulinemia is a known down-regulator of whole-body insulin sensitivity (Iozzo 
et al., 2001). Our data may support either of these alternative hypotheses, suggesting 




7.4. Weight loss and heart metabolism 
Earlier studies have demonstrated changes in cardiac metabolism in obesity. Peterson 
et al. (Peterson et al., 2004) compared healthy obese and lean subjects, and found that 
myocardial fatty acid uptake was increased and myocardial efficiency decreased in 
obese subjects compared to lean ones, but there were no differences in glucose uptake, 
blood flow or serum FFA concentrations. They concluded that fatty acid supply could 
not explain differences in myocardial fatty acid uptake. Similarly in the present study, 
serum FFA concentration did not change after weight loss. This suggests that other 
mechanisms are involved in the reduction of myocardial FFA uptake than a mass 
effect. We measured myocardial fatty acid uptake using [18F]FTHA and positron 
emission tomography, which are suitable and validated methods for measurement of 
fatty acid uptake in the heart (Takala et al., 2002). In the heart, approximally 80% of 
[18F]FTHA is accumulates in mitochondria after the initial step of beta-oxidation 
(Takala et al., 2002). Thus, although the uptake of [18F]FTHA can be considered to 
reflect mainly FFA beta-oxidation, the fate of FFA (i.e. triglyceride pool vs. oxidation) 
after entering the cell cannot be determined with this tracer. 
Previously, a relation has been found between FFA levels and diastolic dysfunction in 
obese humans, suggesting a lipotoxic effect of circulating FFA (Leichman et al., 2006; 
Borradaile & Schaffer, 2005). In the present study, weight loss was associated with a 
reduction in myocardial FFA uptake and parallel changes in cardiac work and 
myocardial triglycerides content. Accumulation of triglycerides in cardiomyocytes 
impairs left ventricular function and promotes fibrosis and apoptosis in animal studies 
(Zhou et al., 2000; Carroll & Tyagi, 2005; Christoffersen et al., 2003; Ouwens et al., 
2005). In obese rats, cardiomyocyte apoptosis leads to decrease in myocardial 
contractility (Zhou et al., 2000). In the same study, an increase in the myocardial 
ceramide content suggested that non-oxidative fatty acid metabolites could lead to cell 
apoptosis. In a previous human study by Hammer et al.(Hammer et al., 2008), a 16-
week very-low-energy diet decreased myocardial triglyceride content significantly and 
improved diastolic function in patients with type 2 diabetes. In the present study, 
myocardial triglyceride content decreased after weight loss in parallel with changes in 
myocardial FFA uptake and cardiac work. However, we were unable to demonstrate 
significant associations between cardiac metabolism, triglyceride content and cardiac 
function within the study sample possible due to the low number of subjects studied. 
We have previously shown that myocardial triglyceride content measured with 
magnetic resonance spectroscopy is increased in obesity and correlates with 
circulating FFA levels (Kankaanpää et al., 2006). In the same study, FFA levels also 
correlated with left ventricle mass, and it was concluded that increased fat content in 
the myocardium could lead to left ventricle overload and hypertrophy. 
7.4.1. Heart glucose metabolism 
We found that insulin-stimulated glucose uptake in the myocardium was not changed 
after weight loss. Similarly, in the study by Peterson et al., there was no difference in 




glucose uptake is regulated by several factors, such as circulating concentrations of 
alternative substrates including FFA and lactate, hormonal status (insulin, glucagon) 
and cardiac work (Opie, 1998). Circulating FFA levels and cardiac work are the major 
regulators of myocardial glucose uptake (Nuutila et al., 1992; Knuuti et al., 1995). In 
the present study, there was a decrease in cardiac work after weight loss, but this was 
not reflected in myocardial glucose uptake. Taken together, the available data suggest 
that obesity alone is not associated with myocardial insulin resistance and in line with 
this, rapid weight loss has no effect on myocardial glucose metabolism.  
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8 SUMMARY AND CONCLUSIONS 
I 
Weight loss with a 6-week very-low-energy diet enhances skeletal muscle glucose 
uptake and this leads to an increase in whole-body insulin sensitivity in obese humans. 
Perfusion and glucose uptake are higher in visceral adipose tissue compared to 
subcutaneous adipose tissue, and perfusion decreases in both compartments when 
glucose uptake is preserved after weight loss. Leptin and IL-6 levels are associated 
with abdominal subcutaneous and intra-abdominal adipose tissue insulin resistance. 
 
II  
The liver responds to a six-week period of energy restriction with a parallel reduction 
in lipid uptake and storage. Liver fat content decreases. This is accompanied by 
enhancement of hepatic insulin sensitivity and clearance and a decrease in circulating 
inflammatory markers, glycosylated haemoglobin, and liver enzymes. Also liver 
volume decreases.  
 
III 
Weight reduction decreases myocardial fatty acid uptake in parallel with myocardial 
mass and cardiac work. These results show that the increased fatty acid uptake found 
in the obese heart can be reversed by weight loss in humans. Also myocardial fat 
content decreased. There was a decrease in cardiac work after weight loss, but this was 
not reflected in myocardial glucose uptake. Taken together, the available data suggest 
that obesity alone is not associated with myocardial insulin resistance. 
 
 
In conclusion, weight loss in obese subjects without co-morbidies leads to change in 
fatty acid metabolism and decrease in fat stores and ectopic fat. More detailed studies 
are needed to understand long term effects and cellular mechanisms of these changes. 
Doctors in clinical work should encourage their obese patients to lose weight, for 
example with very-low-energy diet, as it seems to be effective and beneficial for 
health as the lipid profile improves and HbA1c and blood pressure decreases. These 
positive changes might delay or prevent possible onset of chronic diseases, such as 
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